Resistance of Geneva and Other Apple Rootstocks to Erwinia amylovora
. Recently, fire blight of apple rootstocks has become a serious economic problem in high-density orchard systems (11) . Over the past 50 years, most apple-growing regions have adopted the use of high-density orchard systems that depend upon dwarfing rootstocks to control tree size. The most commonly used dwarfing rootstocks, Malling (M.) 9 and M.26, are highly susceptible to E. amylovora and infection usually kills trees by girdling the rootstock. Several avenues of rootstock infection have been demonstrated, including infection of rootstock suckers (vegetative shoots developing from the rootstock), internal spread of bacteria from infections in the scion, or direct infection of the rootstocks through discontinuities in the bark caused by growth or various injuries (12) . Currently, there are no effective cultural practices or chemical treatments available to control the rootstock phase of fire blight in high-density orchard systems.
The objective of the Geneva apple rootstock-breeding program has been to develop pomologically excellent rootstocks with resistance to abiotic and biotic stresses, including fire blight. The program was begun by J. N. Cummins, Department of Horticultural Sciences, Cornell University (Geneva, NY) in 1968. H. S. Aldwinckle, Department of Plant Pathology, Cornell University, joined the program in 1970. It became a joint program for the United States Department of Agriculture-Agricultural Research Service (USDA-ARS) and Cornell in 1998. Based upon inoculations with strain E. amylovora Ea273, Malus × robusta cv. Robusta 5 was identified as highly resistant to fire blight and was widely used as a parent in the Geneva breeding program (7) . Repeated direct inoculation of actively growing shoot tips with E. amylovora strain Ea273 was used to identify resistant progeny of controlled crosses (8) . Robusta 5 later was found to be differentially susceptible to infection by E. amylovora strain E4001a (also referred to as Ea266; 14, 17, 19) . When rootstock selections were inoculated with strain E4001a or with a mixture of strains including E4001a, several rootstocks previously identified as resistant to strain Ea273 became severely infected and were discarded from the program (15, 16) . Recently four apple rootstocks, Geneva (G.) 65, G.11, G.30, and G.16, were released for commercial sales (4) . Several other selections are in the final stages of evaluation.
Although the Geneva rootstocks are known to be resistant to direct shoot inoculation with E. amylovora strains Ea273 or E4001a, it was not known if these apple rootstocks are resistant to natural infection by E. amylovora under orchard conditions or if they would be resistant to direct shoot inoculation with other highly aggressive strains of E. amylovora. The objectives of this study were to (i) compare the resistance of the Geneva rootstocks with that of other apple rootstocks when inoculated with the differentially virulent strain E4001a and other highly aggressive E. amylovora strains and (ii) evaluate the resistance of the Geneva rootstocks and advanced selections of the breeding program as rootstocks of grafted trees grown under orchard conditions.
MATERIALS AND METHODS
Bacterial strains and inoculum. E. amylovora strains used in this study are listed in Table 1 . Inoculum consisted of 18-h-old shake cultures grown in Kado 523 broth (9) at 28°C. Inoculum concentration was estimated by absorbance at 620 nm using a standard curve and adjusted to the desired concentration by dilution with sterile 0.05 M potassium phosphate buffer, pH 6.5. Inoculum was maintained on ice and was used for plant inoculation within 2 h of dilution.
Direct inoculation of ungrafted rootstock plants in greenhouse. The parentage of the apple rootstocks used in this study and the size of the tree they produce relative to the Malling series of rootstocks are described in Table 2 (13) . Rootstocks were evaluated in the greenhouse for their resistance to fire blight by direct inoculation of vigorous shoots with one to four strains of E. amylovora (Tables 3 and 4) . Stoolbed-propagated liners (rooted, hardwood shoot cuttings) obtained from vari-ous suppliers were potted in cylindrical pots (5 by 20 cm) containing a peat and vermiculite soil mix, and trained to a single shoot. Vigorously growing shoots at least 15 cm in length were selected for inoculation. Due to a limited supply of many of the rootstocks, not all rootstocks were inoculated with all four strains. If less than 20 shoots were available for inoculations, a minimum of five shoots were inoculated with each individual strain. The priority of strain selection for shoot inoculation was first Ea273, then E2002a, then E4001a, and finally E2017p.
Shoots were inoculated on 16 June 2000 by transversally bisecting the two youngest actively growing leaves with scissors dipped in a suspension of a single strain of E. amylovora (1 × 10 9 CFU ml -1 ). Current season's shoot length and the length of the necrotic lesion were measured on 5 July 2000. The necrotic lesion length was expressed as a percentage of the current season's shoot length and used as the measure of host plant resistance. Individual plants were the unit of replication. GLM (SAS Institute Inc., Cary, NC) of the proportion of the shoot length necrotic was used to analyze treatment effects. Because the analysis indicated a significant rootstock by strain interaction, differences in rootstock resistance were analyzed for each strain using a Waller-Duncan k-ratio t test.
Evaluation of rootstock resistance under orchard conditions following inoculation. Rootstocks of grafted fruiting trees were evaluated for their resistance to E. amylovora when grown in orchards subjected to an induced blossom blight epiphytotic (Table 5 ). Rootstock liners were planted in a nursery (spring 1995), bud chip grafted with the 'Royal Gala' scion (summer 1995), grown in the nursery for a second season, dug (fall 1996), graded, and stored. In spring 1997, an orchard was established at the Research North Farm of the New York State Agricultural Experiment Station (Geneva, NY) in a randomized block design that was blocked based upon trunk diameter measured immediately above the graft union on stored trees. Trees were grown under recommended commercial orchard practices, trained to a vertical axe (18) , and provided with post support.
Trees at the Research North Farm all bloomed heavily in 1999 and open blossoms were spray inoculated with E. amylovora strain E4001a using a backpack sprayer. Trees were inoculated twice (12 and 17 May 1999) to compensate for rootstock effects on the time of bloom and rootstock effects on the number of blossoms on 1-year-old wood, which tends to bloom later than spur blossoms. The inoculum concentration for the first inoculation was 1.0 × 10 7 CFU/ml, but was reduced for the second inoculation to 1.4 × 10 6 CFU/ml due to the forecast of warmer weather conditions more favorable for blossom blight development.
Evaluation of rootstock resistance under orchard conditions following natural infection. Rootstocks of grafted fruiting trees also were evaluated for their resistance to E. amylovora after the occurrence of a natural blossom blight epiphytotic (Table 5 ). An orchard was established at Ray Smith Farm, Geneva, NY, as described above. Trees at the Ray Smith Farm bloomed heavily in 2000, and blossoms were heavily infected in May 2000 due to natural infection. Development of rootstock blight was recorded based upon the presence of bacterial ooze on rootstocks or typical fire blight necrosis of rootstock tissue with evidence of either tree death or premature leaf coloration in fall.
Differences among quantitative traits of the rootstocks (percent blossom clusters infected on scion) were analyzed using a generalized linear model and Waller-Duncan k-ratio t test. Differences among nominal traits (presence or absence of rootstock blight symptoms) were analyzed using Ryan's (20) significance test for multiple comparison of proportions. Due to the nonparametric nature of the data and the limited size of the orchard trials, a type I error rate of P = 0.2 was selected when testing the null hypothesis.
RESULTS
Direct inoculation of ungrafted rootstock plants in greenhouse. Budagovsky (B.) 9, Ottawa 3, M.9, and M.26 were the most fire blight susceptible rootstocks when vigorously growing shoots of ungrafted, own-rooted rootstock liners were inoculated with different strains of E. amylovora in the greenhouse (Table 3 ). B.9 had the greatest mean disease rating over all four strains and developed the greatest amount of fire blight among the rootstocks inoculated with strains Ea273, E4001a, and E2002a. G.11, G.65, G.16, G.30, Pillnitzer (Pi) Au51-11, M.7, and several advanced selections from the Geneva breeding program (CG) were the most resistant rootstocks when challenged by direct inoculation in the greenhouse. The Vineland rootstocks, Mark, Malling Merton (MM.) 106, M.27, Pi-Au56-83, Pi-Au51-4, some CG selections, Marubakaido, and other Japanese material were intermediate in their reaction to direct inoculation with E. amylovora.
Overall, strain E2002a caused the greatest amount of disease among the four strains used in the greenhouse inoculations (Table 3) . Strain E4001a, which is differentially virulent to Malus × robusta Robusta 5 (15) , caused a greater amount of disease on the resistant rootstocks than did either strain Ea273 or E2017p; however, it tended to cause less disease on susceptible rootstocks so that its overall mean virulence was similar to that of strains Ea273 and E2017p.
GLM analysis of the proportion of the shoot length that was necrotic indicated significant effects of rootstock and strain, and a significant rootstock-strain interaction on the amount of fire blight resulting from direct inoculation in the greenhouse (Table 4) . Specific rootstock-strain interactions also were evident from changes in the resistance ranking of specific rootstocks when they were inoculated with different strains (Table 3) . For example, when MM.106 EMLA (virus-tested clone developed at the East Malling and Long Ashton Research Stations, UK) was inoculated with either strain E4001a or strain E2002a, it was evaluated as relatively resistant and not significantly different from Marubakaido. However, when inoculated with either Ea273 or E2017p, MM.106 EMLA was evaluated as highly susceptible and not significantly different from B.9. Conversely, when Robusta 5 progeny CG.3007, CG.6879, and CG.6253 were inoculated with strain E4001a, they were ranked significantly more susceptible compared with other rootstocks than when they were inoculated with strain Ea273. However, there was no consistent pattern in the reaction of the Robusta 5 progeny to inoculation with strain E4001a. For example, CG.5087 and CG.4202 were ranked There was a significant effect of rootstock on the amount of blossom blight (Table 5) .
Severe fire blight resulted from initial blossom infections with several lesions extending into 2-year-old wood on all trees. Several trees had lesions that extended into 3-year-old wood and the tree trunk; however, no visible scion infections extended to within 30 cm of the rootstock. Rootstock suckers of several trees developed symptoms typical of fire blight shoot infections; however, there were no significant differences among the rootstocks in the incidence of sucker infection (Table 5) . Ooze typical of E. amylovora infection was first observed on rootstocks in the second week of June 1999. By 15 June 1999, 67 and 58% of the M.26 EMLA and M.9 trees, respectively, had ooze on the rootstock; however, only M.26 EMLA showed a significantly greater (P = 0.2) number of trees with oozing rootstocks (Table 5 ). For trees grafted on G.11, 17% exhibited oozing rootstocks by 15 June 1999. For some rootstocks, such as Poland (P.) 14, CG.5012, and CG.103, the number of trees with oozing rootstocks continued to increase into July. By 8 July 1999, necrosis typical of fire blight had developed on most of the rootstocks that had previously shown ooze and on some rootstocks on which ooze had not been detected. Again, only M.26 EMLA showed a significantly greater number of trees with necrosis compared with other rootstocks. Trees on CG.4003 and CG.60, and some trees on CG.5012, had signs of ooze on the rootstock but did not subsequently develop necrosis typical of fire blight. Several rootstocks, including G.16, G.30, MM.111, B.9, CG.3041, and CG.5179, had no evidence of fire blight infection on 8 July 1999 (Table 5) .
By 9 September 1999, the symptoms of rootstock blight were apparent not only in rootstock tissue but also in tree scions that had either symptoms of tree death or premature leaf coloration (Table 5) . At this date, greencolored leaves characterized healthy trees with no evidence of rootstock blight, whereas many trees with fire blight-infected rootstocks had bronze-colored leaves. By September 1999, both M.26 EMLA and M.9 showed a significantly greater number of trees with rootstock blight symptoms than many other rootstocks, including MM.111, B.9, G.16, and G.30. Most trees that exhibited symptoms of rootstock infection in September 1999 died the following season, either failing to break dormancy in the spring or initially producing leaves that were small, often (Table 5) . Evaluation of rootstock resistance under orchard conditions following natural infection. During the 2000 growing season, an epiphytotic of rootstock blight resulting from natural blossom infection occurred in another trial of Geneva rootstocks planted in a commercial orchard at Geneva, NY (Ray Smith Farm). All Gala trees within the block sustained blossom infection and most trees had over 50% of the blossom clusters infected. Blocks of Jonagold, Spartan, and Cortland trees on M.9 rootstock adjacent to the trial sustained 60 to 80% incidence of rootstock blight. Generally, the incidence of rootstock blight resulting from natural blossom infection in the scion was in close agreement with the results obtained following spray inoculation during bloom (Table 5) . Differences between natural and spray blossom inoculation trials included a higher incidence of rootstock infection in the natural blossom infection block in MM.111 and P. 14, and a lower incidence in M.9, CG.5012, and CG.5179. As in the spray-inoculated blocks, trees on M.9 were not grafted with Royal Gala. Of 24 trees on G.30 in the natural infection block, 1 had symptoms of rootstock blight on 14 October 2000. As in the spray-inoculation block, in the natural-infection block no tree on B.9 showed evidence of rootstock infection and 23% of trees on G.11 had evidence of rootstock blight (Table 5) .
DISCUSSION
When shoots of rootstock cultivars were inoculated with different strains of E. amylovora, significant strain-rootstock interactions were observed in the amount of fire blight that resulted from inoculation. Those interactions were clearly differential and could not be explained by the greater aggressiveness of strain E2002a because some rootstocks (e.g., MM.106, Supporter 4) were evaluated as significantly more susceptible when inoculated with the less aggressive strain Ea273 than when inoculated with the highly aggressive strain E2002a (Table 3) . Previous research had determined that strain E4001a is differentially virulent to specific resistant cultivars, such as 'Quinte', 'Novole', and Robusta 5 (14, 15) . Unfortunately, liners of Quinte, Novole, and Robusta 5 were not available for inclusion in these tests. Consistent with previous reports, strain E2002a was clearly more aggressive than either strain Ea273 or E4001a (14, 17) . The virulence pattern of E2017p was more similar to that of Ea273 than that of E4001a.
G.11, G.30, G.16, G.65, and most CG selections were resistant to all four strains used for inoculation in a nondifferential manner, even though many, including G.11 and G.30, are progeny of Robusta 5, which is known to be differentially susceptible to strain E4001a. These rootstocks were selected or evaluated with a pooled mixture of different strains, and their resistance to individual strains indicates that pooled strains of E. amylovora can be used successfully to select for resistance to several strains of differing virulence (16) . Resistance effective against strains of different virulence patterns (or races) should be more durable than that selected against a single strain.
Although there were dramatic differences among the rootstocks in the development of rootstock blight symptoms under orchard conditions, there was relatively little statistical separation of rootstock resistance in orchard trials due to the nonparametric nature of the data and financial constraints that limited the size of the field plantings. Because of these limitations, a relatively high error rate probability of 0.2 was selected for comparison of rootstock resistance in the orchard trial. Differences in the amount of blossom cluster infection that resulted from blossom inoculation of the Royal Gala scion on different rootstocks could not be explained by any obvious biological factor such as amount of bloom, time of bloom, tree size, or susceptibility of the rootstock. Aldwinckle et al. (2) previously have reported an effect of rootstock clone on the susceptibility of scion shoots to direct inoculation with E. amylovora.
CG.3041 (ready for commercial release), G.16, and G.30 all had very high levels of resistance to E. amylovora in both greenhouse and orchard trials. Considering the high level of resistance of G.11 against all strains of E. amylovora in the greenhouse trial, it developed more disease than expected in both orchard trials (approximately 25% of the trees diseased). However, compared with disease development in M.9 and M.26 clones (70 to 100% tree death in the blossom inoculated trial), the level of resistance in G.11 should be commercially useful under conditions of lower disease pressure.
B.9 was evaluated as the most susceptible rootstock when vegetative shoots of rootstock liners were inoculated in the greenhouse (Table 3 ) but, surprisingly, it did not develop any rootstock blight in either orchard trial (Table 5 ). Visual comparison of leaf, flower, and fruit morphology between B.9 trees grown in the USDA-ARS Plant Genetic Resources Unit germ plasm collection (Geneva, NY) and a B.9 rootstock sucker that flowered and developed fruit in 2000 in the Experiment Station trial provided no indication that the material in our trial was not authentic B.9. In addition, trees grown on B.9 in our trials appeared consistent with expected tree size, yield, and general appearance for trees grown on B.9. However, it is still possible that there may be different genotypes labeled as B.9 in commercial and research stoolbeds. A high level of orchard resistance has been reported for trees grown on B.9 rootstock in Ohio, where rootstock blight resulted in losses of up to 67% of the trees on M.26 rootstock but none of the trees on B.9 were lost due to fire blight (5, 6) . Mortality of trees on B.9 rootstock has been reported in the NC-140 trials; however, the cause of tree death usually was not reported and it is possible that these trees may have died from other causes (10) .
The varying response of B.9 and G.11 as grafted orchard trees compared with ungrafted liners in the greenhouse may be due to altered susceptibility of the rootstocks when challenged by a different avenue of infection, such as systemic movement of internal bacteria (12) or by changes in rootstock physiology when the rootstock was grafted under scions and grown as fruiting trees (22) . The high severity of fire blight observed in an infected rootstock sucker of G.11 in the orchard compared with the low disease severity in an infected B.9 sucker (Table 5) suggests the latter possibility (that growth under orchard conditions may alter susceptibility) because rootstock sucker infection should be similar to direct inoculation in the greenhouse. However, rootstock sucker infection occurred on only one tree each of B.9 and G.11 in the orchard trial; therefore, no conclusion can be reached. It also is possible that other unknown environmental factors are responsible for the differences observed between greenhouse and orchard tests. Cline et al. (3) have reported that when vegetative shoots of M.7, B.9, and G.16 liners grown in a nursery were directly inoculated with strain E2017p, all three rootstocks were evaluated as moderately resistant, with approximately 40 to 50% of their shoot length becoming blighted. In the current study, B.9 was evaluated as highly susceptible, and M.7 and G.16 were evaluated as resistant when vegetative shoots of rootstock liners were directly inoculated in the greenhouse (Tables 3 and 4) ; however, the resistance of all three rootstocks appeared similar in orchard trials (Table 5) .
There was general agreement in the evaluation of rootstock resistance in the controlled blossom inoculation trial and when rootstock infection resulted from natural blossom infection. High disease pressure in the natural infection block was indicated by the relatively high incidence of rootstock infection observed in M.7, MM.106, and MM.111 (Table 5 ) which are generally considered resistant or moderately resistant to fire blight (23) . The lower-than-expected incidence of rootstock infection for M.9 in the natural infection block could have been due to a lower incidence of blossom infection in the earlier blooming McIntosh-type scion than in the Royal Gala trees, but accurate assessment of the incidence of blossom blight in individual trees was not made in this block. The virulence characteristics of the E. amylovora strain or strains that caused infection in the natural infection block are not known.
Compared with traditional plantings of large trees, high-density apple plantings on dwarfing rootstocks have many economic benefits, including higher yields, quicker return on investment, more efficient utilization of pesticide and labor inputs, and improved fruit quality. However, the increased planting costs of high-density plantings combined with the extreme fire blight susceptibility of M.9 and M.26 rootstocks has resulted in devastating financial losses for apple growers in some areas of the United States. We have calculated that, when the cost of tree replacement, lost investment in tree maintenance, and reduced yields over several years are considered, a 10% incidence of rootstock blight in a 4-year-old high-density planting can result in losses up to $3,500 per acre (11) . New apple rootstocks that combined desirable pomological characteristics with resistance to infection by E. amylovora have the potential to provide practical control for the rootstock phase of fire blight.
